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(57) Abstract: A structure for use in high temperature applications and including a porous ceramic material consisting essentially 
of about 50-90 percent by weight iron or magnesium stabilized aluminum titanate (AlTiOs) and about 10-50 percentby weight stron- 
tium feldspar (SrO( Al 2 0 3 (2Si02), and having a coefficient of thermal expansion over a temperature range from room temperature to 
1000(C of about -10 x 10-V(C to +15 x 10- 7 /(C, a heat capacity at500(C greater than 3.2 J/cm*K, a porosity of about 15-50 percent 
by volume, preferably 40-50 percent by volume, and a median pore size of about 5-50 micrometers, preferably 8-1 5 micrometers. 
The structure is especially useful as a diesel exhaust particulate filter. 
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STRONTIUM FELDSPAR ALUMINUM TITANATE 
FOR HIGH TEMPERATURE APPLICATIONS , 



BACKGROUND OF THE INVENTION 

[0001] The instant invention relates to strontium feldspar aluminum titanate ceramics. 
Specifically the invention relates to strontium feldspar aluminum titanate ceramics 
having a low thermal expansion and high thermal shock resistance, suitable porosity 
and a narrow pore size distribution for diesel exhaust filtration applications. 
[0002] In the industry cordierite (2MgO2AI 2 0 3 -5Si0 2 ) has been the cost-effective 
material of choice for high temperature filtering applications, such as flow-through 
and wall-flow filters, due to its combination of good thermal shock resistance, 
filtration efficiency, and durability under most operating conditions. However, under 
certain circumstances cordierite filters are susceptible to damage and have even 
catastrophically failed. Occasional thermal runaway occurs during uncontrolled 
regenerations resulting in localized cordierite melting. Another factor contributing to 
failure occurs when metal impurities from the engine oil, catalytic additives or 
corroded metal from the exhaust port liners are introduced into the filter during 
operation. Typically, at temperatures exceeding 1300°C, these metals form oxides 
which react with the cordierite structure. Evidence of the failed material are usually 
small holes on the filter where the metal initially deposits and reacts causing 
, corrosion and melting of the material. 

' [0003] Recently, silicon carbide (SiC) has been used as an alternative to cordierite in 
the fabrication of diesel particulate filters. However, SiC is costly and must be 
segmented due to an inherent high coefficient of thermal expansion (CTE) and poor 
thermal shock resistance. 

[0004] A need therefore exists for a ceramic suitable for high temperature 
applications without the shortfalls of cordierite, but with all its advantages. The 
present invention provides such a ceramic. 
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SUMMARY OF INVENTION 



[0005] The instant invention is founded upon the discovery of a strontium feldspar 
aluminum titanate low expansion, high thermal shock resistant ceramic, hereafter 
referred to as SAT. The inventive ceramic comprises a strontium feldspar 
(Sr0 AI 2 0 3 -2SiO 2 ) (SAS) phase and an aluminum titanate (AI 2 Ti0 5 ) (AT) second 
phase, and is extrudable into honeycomb structures. Iron (Fe) or magnesium (Mg) 
substitution within the AT phase is found to improve the stability of the ceramic 
against decomposition, especially at high temperatures above 800°C. In the present 
invention, isormorphic substitution of Fe and Mg for aluminum within the AT is limited 
to a range between about 0-60 mole percent (%), preferably 1-10 mole %. 
[0006] Inventive structure has a formulation which consists essentially, by weight, of 
between about 50-90% Fe or Mg stabilized AT and between about 10-50% SAS. 
Advantages include low coefficient of thermal expansion, high thermal shock 
resistance, high volumetric heat capacity, high interconnected porosity and large 
median pore size. 

[0007] Accordingly, the coefficient of thermal expansion (CTE) from room 
temperature (RT) to 1000°C is about -10 x 10" 7 / o C to +15 x 10- 7 /°C, preferably from 
room temperature to 800°C of about -0.5 x 10" 7 /°C to +6 x 10- 7 /°C. The volumetric 
heat capacity is greater than 3.2 J cm" 3 K" 1 as measured at 500°C. The total porosity 
is about 15-50% by volume, preferably about 40-50% by volume, and, the median 
pore size is about 5-50 micrometers, preferably about 8-15 micrometers. 
[0008] Preferably the inventive ceramic consists essentially of about 70-80% by 
weight Fe stabilized AT and about 20-30% by weight SAS, and has a coefficient of 
thermal expansion over a temperature range from room temperature to 800°C of 
about -0.3 x 10" 7 /°C to +2 x 10* 7 /°C, a porosity of about 40-45 % by volume, and a 
median pore size of about 1 5-20 micrometers. 

[0009] The inventive ceramic is suitable in high temperature applications such as 
wall-flow filters for diesel exhaust filtration, and automotive catalytic converters. 
Wall-flow filters comprising the inventive structure exhibit high volumetric heat 
capacity, and low pressure drop across the length of the. The inventive ceramic is 
preferably extruded into a honeycomb structure having an inlet end and an outlet 
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end and a multiplicity of cells extending from the inlet end to the outlet end, the cells 

having porous walls, wherein part of the total num^ofcelteat the inlet end are 

plugged along a portion of their lengths, and the remaining part of cells that are open 
at the inlet end are plugged at the outlet end along a portion of their lengths, so that 
an engine exhaust stream passing through the cells of the honeycomb from the mlet 
end to the outlet end flows into the open cells, through the cell walls, and out of the 
structure through the open cells at the outlet end. 



BRIEF DESCRIPTION OF DRAWINGS 



[0010] FIGS. 1 A-B are scanning electron micrographs of Example 5 of the present 



invention 



[0011] FIGS. 2A-B are scanning electron micrographs of Example 6 of the present 
invention. 

[0012] FIG. 3 demonstrates that low pressure drops across the length of a filter can 
be achieved with wall-flow filters comprising the SAT ceramic of the present 
invention; examples 5 and 6 are illustrated for a gas flow rate of 26.25 scfm. 



DETAILED DESCRIPTION OF INVENTION 

[0013] The invention is a ceramic which is largely Diphasic, having a predominant 
first phase of magnesium (Mg) or iron (Fe) stabilized aluminum titanate (AI 2 Ti0 5 ) 
(AT) and a second phase of strontium feldspar (SrOAI 2 0 3 -2Si0 2 ) (SAS). M.nor 
phases may also be present, these including alumina (Al 2 0 3 ) and Mania (Ti0 2 ). This 
unique phase combination renders the inventive structure, highly refractory with a 
near-zero CTE, thus making it suitable for high temperature applications such as 
filtration of diesel exhaust particulate matter. 

[0014] AT has a high melting point of 1860°C, and a highly anisotropic thermal 
expansion (i.e., widely differing expansions along the crystallographic axes) of about 
-26 x 10- 7 /°C along the a-axis. about 1 18 x 1Q- 7 /°C along the b-axis, and about 194 x 
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1 0' 7 /°C along the c-axis. The extreme anisotropy causes the formation of internal 
stress within large AT grains. This results in severe microcracking as the material 
cools which is attributed to its low coefficient of thermal expansion. AT exhibits a 
bulk CTE ranging from about -3 to +9.7 x10 7 /°C depending on the grain size or 
degree of microcracking. Larger grain growth and subsequent microcracking, 
however, produce a low strength material. The addition of SAS as a second phase, 
serves to increase the strength (MOR) and balance the CTE. The resulting 
composite AT-SAS ceramic structure exhibits microcrocracking and a near-zero 
CTE, leading to high thermal shock resistance. Microcracked bodies tend to bias the 
CTE towards the most negative CTE component because the opening of 
microcracks on cooling accommodates the normal positive components. 
Accordingly, in the inventive SAT structures the CTE, as measured by dilatometry 
over a temperature range from room temperature (RT) to 1000°C, is about -10x10' 
7 /°C to +15 x 10" 7 /°C, preferably the CTE from RT to 800°C is about -0.5 x 10" 7 /°C to 
+5x10' 7 /°C. 

[0015] The AT structure demonstrates a structural instability between 800° and 
1300°C. Isomorphic substitution of Fe or Mg is desired to enhance the stability of AT 
against decomposition above 800°C. In the present invention isormorphic 
substitution of Fe and Mg for the aluminum within the AT phase is limited to a range 
between about 0-60 mole %, preferably about 1-10 mole %. The composition of the 
inventive SAT ceramic consists essentially, by weight, of about 50-90% Fe or Mg 
stabilized AT and between about 10-50% SAS. Preferably, the composition consists 
essentially of about 70-80% Fe or Mg stabilized AT and about 20-30% SAS. 
[0016] The inventive SAT ceramic has high interconnected porosity and large 
median pore size, making it suitable for high temperature filtration applications, such 
as wall-flow filters. Accordingly, the total porosity, as measured by mercury 
porosimetry is about 15-50%, preferably about 40-50%. The pore size distribution is 
uniform with a median pore size of 5-50 micrometers, preferably 8-15 micrometers. 
An additional advantage is high heat capacity. High heat capacity is desirable 
because it reduces the magnitude of the temperature increase in the filter 
applications during regeneration. The heat capacity as measured at 500°C is 
greater than 3.2 J cm" 3 K* 1 , and preferably between 3.7-3.7 J cm' 3 K"\ 
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[0017] A suitable method of making the ceramic according to the present invention, 
is by forming a mixture of particulate raw materials, and optionally pore formers, 
along with organic binders, lubricants, plasticizers. and/or solvent, into a green body, 
optionally drying, and then firing to form the product structure. 
[0018] The SAT-forming raw materials are (1) oxide sources that react to form the 
SAS and Mg or Fe stabilized AT phases, and/or (2) partially or completely pre- 
reacted SAS and Mg or Fe stabilized AT powders. Advantageous raw materials 
include silica, alumina, strontium carbonate, titania, iron oxide and/or a magnesium 
carbonate. Optionally, a pore former may be included to obtain a larger porosity 
and/or coarser median pore diameter in the final product structure. Raw materials 
are blended together with organic constituents that may include plasticizers, 
lubricants, binders, and solvents. Water may also optionally be added as a solvent. 
The mixture is shaped into a green body, optionally dried, and then fired at a 
temperature and for a time sufficient to form the final product structure. 
[0019] All starting raw materials are chosen to limit the presence of alkali in the 
composition. The alumina source is a powder which, when heated to a sufficiently 
high temperature in the absence of other raw materials, yield substantially pure 
aluminum oxide, and includes alpha-alumina, a transition alumina such as gamma- 
alumina or rho-alumina, boehmite, aluminum hydroxide, and mixtures thereof. The 
morphology of the alumina has to be tabular and particle size has to be sufficiently 
large for microcracking to be induced in the final structure, but small enough for good 
extrusion to occur. Accordingly, a particle size of between about 10-25 micrometers 
is suitable. 

[0020] The silica source includes clay and quartz, but is preferably quartz which has 
a higher sintering temperature than a clay source. The use of quartz instead of clay 
contributes to the formation of porosity in the final structure at elevated 
temperatures. Hematite is recommended as the source of the iron oxide. Rutile, 
preferably Kronos 3020 rutile, available commercially from Kronos, Inc. of Cranbury, 
NJ having a particle size of about 7-15 micrometers is the preferred source for 
titania. The reaction to form aluminum titanate occurs when Al 3+ ions is diffuse into 
titanium dioxide (Ti0 2 ) or titania. The mechanism has also been confirmed 
experimentally. The size of the Ti0 2 source is important to avoid entrapment of 
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unreacted oxide by the rapidly growing nuclei of the product. Unreacted oxides lead 
to considerable higher thermal expansion in the final sintered body. 
[0021] A pore former is not necessary to attain the desired properties and optimum 
particle distribution, but could be added to improve the porosity if desired. The 
recommended pore former is cornstarch. The amount of pore former in the case of 
cornstarch is to be at most 20% by weight of the raw material mixture. If graphite is 
used, at most 30% by weight of the raw material mixture is necessary. Methyl 
cellulose Is used an organic binder which is later bumed-off during firing. Oleic acid 
is preferably used as a dispersant. Sodium stearate is not recommendeddue to 
contamination from the sodium. Diglycol stearate may be used but typically leads to 
poor knitting during extrusion, resulting in crack formation during firing. If diglycol 
stearate is used, addition of approximately 1-2% polyethylene glycol is required to 
serve as a lubricant, improving extrusion. 

[0022] The inventive ceramic is particularly suitable for high temperature filtration 
applications. In particular the inventive ceramic is particularly suitable for diesel 
particulate filter applications. For such applications the raw material mixture is 
preferably shaped by extrusion into a honeycomb multicellular structure, as known in 
the art. The resulting shaped green honeycomb bodies are usually dried and then 
heated to a maximum temperature of about 1485-1 500°C over a period of about SO- 
SO hours, and held at the maximum temperature for about 8-14 hours. 
[0023] While the construction of the filter can have any shape or geometry suitable 
for a particular application, it is preferred that it be multicellular structures such as a 
honeycomb structures. The honeycomb structure has an inlet and outlet end or 
face, and a multiplicity of cells extending from the inlet end to the outlet end, the cells 
having porous walls. The inventive filters have cellular densities from about 100 
cells/in 2 (15.5 cells/cm 2 ) to about 400 cells/in 2 (62 cells/cm 2 ). 
[0024] To obtain a wall-flow filter, a portion of the cells of the honeycomb at the inlet 
end or face are plugged, as known in the art. The plugging is only at the ends of the 
cells which is typically to a depth of about 5 to 20 mm, although this can vary. A 
portion of the cells on the outlet end but not corresponding to those on the inlet end 
are plugged. Therefore, each cell is plugged only at one end. The preferred 
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arrangement is to have every other cell on a given face plugged as in a checkered 
pattern. 

[0025] Wall-flow diesel exhaust particulate filters comprising exhibiting a low 
pressure drop across the length of the filter and low back pressure against the 
engine comparable to commercially available SiC counterparts have been made in 
present invention. The pressure drop across the filter is a function of the 
accumulation of the carbonaceous soot on the walls of the diesel particulate filter. 
As the amount of soot accumulated increases, it creates a progressive increase in 
the resistance to flow of the exhaust gas through the walls of the filter and carbon 
soot layer. This resistance to flow is manifested as a pressure drop that can be 
measured across the length of the filter, and results in an increased back pressure 
against the engine. 

[0 026] Another advantage is decreased reaction with metal oxide "ash" particles that 
are carried by exhaust gas in automobile engines. Metal oxide "ash" particles are 
not combustible and, therefore, are not removed during regeneration. A problem 
which exists in the industry is that if temperatures during the regeneration process 
reach sufficiently high values, the ash may sinter to the filter material or even react 
with the filter material resulting in partial melting. Experiments have shown that the 
presence of the AT phase increased ash resistance in filters bodies comprising the 
inventive ceramic. Further, the inventive ceramic has a high heat capacity which 
reduces the magnitude of the temperature increase in the filter during regenerat.cn. 
Lower temperatures in the filter during regeneration result in less sintering of the 
metal oxide ash, and less reaction of the ash with the filter, thus increasing the 
lifetime of the filter 

[0027] Although the preferred application is for diesel particulate filters, it is to be 
noted that the inventive ceramic is equally suitable as automotive flow-through 
substrates. 

Examples. 

[0028] To more fully illustrate the invention, the following non-limiting examples of 
extruded honeycombs are presented in Tables I and II. Table I reports examples of 
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compositions and the resulting phase assemblages according to the present 
invention. Table II reports physical properties as measured on the inventive 
samples. All parts, portions and percentages are on a basis of total raw materials 
weight unless otherwise stated. 

10029] The oleic acid as the dispersant was mixed with the silica for approximately 
10-15 minutes prior to addition of the remaining dry raw materials and organic 
components. The resulting mixture continued to be mixed to provide 
homogenization. Deionized water was then gradually added in a quantity sufficient 
to impart plasticity to the mixture in a muller. After kneading, the combined 
ingredients are extruded through a die into honeycomb bodies having approximately 
100 to 200 cells per square inch and having a wall thickness of about 0.010 to 0.025 
inch. The bodies thus formed are cut to desired lengths and heated in an oven at 
85°C until dried. 

[0030] The samples are fired in an electric furnace at rates ranging from 20-40°C/hr 
over various temperature intervals to a maximum temperature of 1485-1 500°C for a 
period of 30-50 hours, with a hold at the maximum temperature for about .8-14 hours 
to develop the final product structure, and cooled by shutting off power to the 
furnace. 

[0031] Table II reports physical properties as determined on the examples. Phase 
assemblage was identified by powder x-ray diffractometry. Porosities and pore sizes 
of selected samples were characterized by mercury porosimetry. Total porosity is 
reported in volume percent and pore sizes in micrometers. Mean coefficients of 
thermal expansion from room temperature (RT) to 800°C and 1000°C were 
measured using a dilatometer and are reported in 10" 7 /°C. 

[0032] The coefficient of thermal expansion (CTE) from room temperature to 1000°C 
is about -10 x 10 7 / o C to +6 x 10- 7 /°C, preferably from RT to 800°C of about -0.5 x 
10" 7 /°C to +3 x 10" 7 /°C. Referring now to FIGS. 1A-B and 2A-B therein illustrated is 
the microstructure of Examples 5 and 6 respectively, as observed via Scanning 
Electron Microscopy. The porosity distribution is substantially uniform and generally 
between about 1 5-50%, preferably about 40-50%, with a well connected pore 
structure. The mean pore size is generally between of about 5-50 micrometers, 
preferably about 8-15 micrometers. These properties of the inventive structure lead 
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Table I. Chemical compositions of samples. 
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Table II. Properties of samples. 
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What is claimed: 

1 . A structure comprising a porous ceramic material consisting essentially of about 
50-90 percent by weight aluminum titanate (AITi0 5 ) and about 10-50 percent by 
weight strontium feldspar (SrOAI 2 0 3 -2Si0 2 ), 

wherein the aluminum titanate is stabilized by iron (Fe) or magnesium (Mg), the 
substitution of iron or magnesium into the aluminum titanate phase being at 0-60 
mole%; and, 

wherein the structure has a coefficient of thermal expansion over a temperature 
range from room temperature to 1000°C of about -10 x 10 -7 /°C to +15 x 10' 7 /°C, a 
heat capacity at 500°C of greater than 3.2 J/cm 3 K, a porosity of about 15-50 
percent by volume, and a uniform pore size distribution with a median pore size 
of about 5-50 jnicrometers. 

2. The structure of claim 1 wherein iron or magnesium is substituted into aluminum 
titanate in a range of about 1-10 mole %. 

3. The structure of claim 2 wherein the coefficient of thermal expansion over a 
temperature range from room temperature to 800°C is about -0.5 x 10~ 7 /°C to +6 
x 10 7 /°C. 

4. The structure of claim 3 wherein the porosity is about 40-50 percent by volume. 

5. The structure of claim 4 wheYein the median pore size \s about 8-1 5 micrometers. 

6. The structure of claim 1 wherein the ceramic consists essentially of about 70-80 
percent by weight iron stabilized aluminum titanate and about 20-30 percent by 
weight strontium feldspar. 

7. The structure of claim 6 wherein the coefficient of thermal expansion over a 
temperature range from room temperature to 800°C is about -0.3 x 10" 7 /°C to +2 
x 10" 7 /°C. 
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8. The structure of claim 1 wherein the structure has a honeycomb shape having an 
inlet end, an outlet end, and a multiplicity of cells extending form the inlet end to 
the outlet end. 

9. A diesel exhaust particulate filter comprising a plugged, wall-flow honeycomb 
filter body composed of porous ceramic material and comprising a plurality of 
parallel end-plugged cell channels traversing the body from a frontal injetend to 

an outlet end thereof, 

wherein the ceramic consists essentially of 50-90 percent by weight aluminum 
titanate (AITi0 5 ) and about 10-50 percent by weight strontium feldspar 
(SrO AI 2 0 3 -2Si0 2 ), wherein the aluminum titanate is stabilized by iron (Fe) or 
magnesium (Mg), the substitution of iron or magnesium into the aluminum 
titanate phase being at 0-60 mole %, and, 

wherein the diesel exhaust particulate filter has a coefficient of thermal 
expansion over a temperature range from room temperature to 1000°C of 
about -10x1 0" 7 /°C to +1 5 x 1 0- 7 / o C, a heat capacity at 500°C of greater than 
3.2 J/cm 3 K, a porosity of about 1 5-50 percent by volume, and a uniform pore 
size distribution with a median pore size of about 5-50 micrometers. 

10.The structure of claim 9 wherein iron or magnesium is substituted into aluminum 
titanate in a range of about 1-10 mole %. 
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FIG. 2A 
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FIG. 3 



0.00 



Example 5 




Example 6 



0.00 1.00 



2.00 3.00 4.00 
Soot Loadings (g/L) 



5.00 6.00 



INTERNATIONAL SEARCH REPORT 



PCTAJS(B/07503 



A, " CLASSIFICATION OF SUBJECT MATTER 
PC(7) : C04B 35/462, 35/195 

B. FIELDS SEARCHED 



Minimum docomentatiaa searched (classification system followed by classification symbols) 
U.S. : 501780, 128, 134; 55/523. DIG30 



Documentation searched other than minimum documen 



i to the extent that such documents are included in the fields searched 



Electronic data base 



consulted during *e international search (nan* of database^, where pracd^bb. search terms !»sed) 



r DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* 



Citation of document, with indication, where appropriate, of the relevant passages 



US 2003/0015829 A (FUKUDA et al) 23 January 2003, col. 2, unes 3-16. 
US 6,210,645 A (KUMAZAWA et al) 03 April 2001, cohmm2, lines 24-60. 
US 6,101,793 A (NAGAI et al) 15 August 2000, column 2, lines 5-26. 



Relevant to claim. No. 
1-10 



n further documents art listed in the continuation of Box C □ See patent family annex 

* ' ' a^rrrmml raihllthed lftET 1 



Special categories of cited doctanentt: 

document defining the general state of the art which is not considered to be 
of particular relevance 

earlier application or patent published on or after the international fifing date 

document which may throw doubts on priority daim(s) or which is cited to 
establish Oie publication date of another citation or other rpecial reason (as 
specified) 

document referring to an oral disclosure, use, exhibition of other means 

document pubfished prior to the hteraatioiul fHiag date but btrx than toe 
priority date claimed 



later document published after the international filing date or POonV 
date and not m conflict with the appficatioii but cited to understand the 
principle or theory underlying the invention 



-X* 



document of particular relevance; tl 

considered novel or cannot be considered to involve an mventrvc step 
when the document Is taken alone 

document of particular relevance; the claimed invention cannot be 
considered to mvotve an Inventive step when toe document^ 
combined with ore: Of more other i»ch docurat 
being obvious to a person skilled in toe art 

member of the same patent family 



Date of the actual completion of the international search 



27 Ma y 2003 (27.05.2003) 



Name and mailing address of the ISA/US 
Mail Stop PCT, Attn: ISAAJS 
Commissioner for Patents 
P.O. Box 1450 

Alexandria, Virginia 22313-1450 
Facsimile No. (703)305-3230 



Date of mailing of the international search report 

20J1MD3 



Authorized officer 
Karl Group 

Telephone Non03308' 




FormPClYISA/210 (second sheet) (July 1998) 



